Abstract
Introduction

25
A typical fault zone architecture comprises a highly deformed core surrounded by a damage 26 zone composed of rocks with higher fracture density and lower elastic moduli than the host the early process of fracture coalescence and strain localization that led to the formation of the 32 fault, and in part results from damage during earthquakes [Mitchell and Faulkner, 2009] .
33
Damage zone thickness, defined as a characteristic scale of the cross-fault distribution of fracture 34 density, varies from a few centimeters on small faults to a few hundred meters on large mature 35 faults. Field observations indicate that damage zone thickness scales linearly with accumulated 36 fault displacement, which is one measure of fault maturity, but saturates at a few hundred meters 37 for fault displacements larger than a few kilometers Faulkner, 2009, 2012 ; Savage 
40
Understanding what controls damage zone thickness is important because this parameter can 41 have significant effects on earthquake rupture, seismic wave radiation, state of stress and 42 hydromechanical properties of the crust. The transition from damage zone to host rock is often 43 sharp, marked by a change of decay rate of fracture density as a function of distance to the fault 44 core [Johri et al., 2014b] . Earthquakes happening inside damage zones can thus generate 45 reflected waves and head waves, which can enhance ground motion near the fault [Spudich and 46 Olsen, 2001] but also interact with earthquake ruptures and modulate rupture properties such as 3 rupture speed, slip rate, and rise time Pelties et al., 2014] . In particular, 48 seismological evidence of rupture speeds enhanced by fault zone effects was recently presented 49 by Huang et al. [2015] and Perrin et al. [2016b] . Damage zones may also alter the stress field 50 surrounding faults, leading to mean stress increase and stress rotations, thereby allowing high 51 pore fluid pressure weakening of unfavorably oriented faults [Faulkner et al., 2006] . The effect 52 of reduced elastic moduli in damage zones and their systematic changes along strike induced by 53 fault growth help explain patterns of long-term fault displacement and earthquake slip 54 distributions [Cappa et al., 2014; Perrin et al., 2016b] . Damage zone thickness is also an 55 important factor affecting the fluid transport and storage properties of the crust and reservoirs 56 [Johri et al., 2014b] .
57
Off-fault inelastic deformation is observed all along the rupture trace of large earthquakes
58
[e.g., Milliner et al., 2015] , demonstrating the importance of damage generated coseismically in 59 the vicinity of propagating rupture fronts. Off-fault yielding during dynamic rupture propagation 60 has been previously studied through analytical approaches [Poliakov et 
74
[2013], which yielded an eventually stable thickness of the off-fault plastic zone. As proposed by 75 Day [1982] on the basis of an asymptotic analysis of stress concentration near a 3D rupture front, 76 the inelastic deformation induced by a rupture with high aspect ratio is controlled by width rather 77 than length.
78
In this study, we use 3D numerical simulations of dynamic rupture on strike-slip faults with 79 large aspect ratios to study first-order aspects of the off-fault yielding pattern in long faults. In 
Model description
95
The geometry of our numerical model is shown in Fig. 1 (a) . The fault is long enough (along 96 strike) for dynamic rupture to reach an approximately steady state after it reaches the surface and 97 bottom boundaries of the fault (Figs. 2 and 3 (a) ). The simulation domain is large enough to 98 avoid boundary effects. We aim to demonstrate the influence of seismogenic depth (W) on 99 rupture propagation and inelastic response near advancing rupture fronts. Therefore, we consider 100 a single, vertical and planar strike-slip fault embedded in a uniform material with P-wave 101 velocity of 6 km/s, S-wave velocity of 3.464 km/s and density of 2670 kg/m 3 .
102
The initial stress field is depth-dependent, and fluid pressure is hydrostatic and time- 
108
A linear slip-weakening friction law [Andrews, 1976] is employed, in which the friction 109 coefficient μ is a function of cumulative slip D:
111
where μd is the dynamic friction coefficient, μs is the static friction coefficient, and Dc is the cohesion C, which will be discussed later): and initial normal stress, respectively, is set to 2 on most of the fault ( Fig. 1(c) ).
124
Rupture initiation is achieved by forcing the fault to rupture within a circular zone surrounding 125 the hypocenter ( Fig. 1(b) ). We linearly reduce the friction coefficient from its static value at 126 specified time T to its dynamic value within a time period to = 0.5 s. T is set to be infinity outside 127 the nucleation zone, and inside the nucleation zone
129
where r is the distance from the hypocenter, rcrit is the radius of the nucleation zone (set to 3 km 130 here) and VS is shear wave velocity. This procedure forces the rupture to expand at a variable 131 speed, about 0.7VS near the hypocenter and decreasing to zero at rcrit. Spontaneous rupture 132 gradually overtakes the ever-slowing forced rupture.
133
The Drucker-Prager yield criterion [Drucker and Prager, 1952 ] is adopted in our study as the 134 off-fault yielding criterion, by which the yield stress Y(σ) depends on the mean normal stress:
136
where σ is the stress tensor, φ is the internal frictional angle and C is the plastic cohesion. The 
where s is the deviatoric part of the stress tensor
A Drucker-Prager yield function is defined as:
143
with yielding starting when F(σ) = 0. After yielding starts, the Duvaut-Lions-type viscoplasticity
144
[e.g. Duan and Day, 2008 ] is used to calculate the accumulation of plastic strain ε p through: In this study φ = arctan(0.6), C = 1.36 MPa and Tv = 0.03 s.
152
The 3D dynamic rupture problem coupled to wave propagation and plastic deformation is 153 solved numerically with SPECFEM3D, a code based on the spectral element method [ overall earthquake duration. The former case defines crack-like ruptures [Madariaga, 1976] 163 while the latter case corresponds to pulse-like ruptures [Heaton, 1990] . of stopping phases at the deep limit of the seismogenic zone, which acts as a rupture barrier.
169
On mature strike-slip faults, the fault length is usually much larger than the fault width, as in 170 the model setup described in Fig. 1 (Fig. 3 (a) ). work to hold also for other definitions of H.
201
In Fig. 4 (a) , along the fault, the thickness of the damage zone first grows with increasing rupture 
220
In Fig. 6 we compare the plastic strain distributions resulting from the three simulations with 221 ≤ 15 km. The plastic strain patterns are similar for the three models. In particular, they all 222 eventually reach a steady damage zone geometry at sufficient distance from the hypocenter.
223
However, the off-fault extent of their plastic zones is different, it increases as a function of W. length is the along-strike width of the pulse. As illustrated in section 3.1, large earthquake 
282
The departure from a linear − scaling at low in our simulations (Fig. 5 inset) is 283 attributed here to a blunting effect of the on-fault slip-weakening zone. The derivation of 284 Equation (13) assumes that is significantly larger than the slip-weakening zone size ℓ . 
315
The saturation of as a function of fault displacement (long-term cumulative slip) in the data 316 compiled by Savage and Brodsky [2011] occurs at displacements of a few km or less.
317
Considering that displacement to fault length ratios typically range from 0. 
